1. Introduction {#sec1}
===============

Near-infrared absorbing nanoparticles, particularly gold-based nanoparticles such as gold nanorods and gold--silica nanoshells, have been highly investigated for therapeutic treatment of cancer. This is due to numerous advantageous properties of the particles. First, the outer shell of these particles is made of reduced gold, a material known to be biocompatible because of its resistance to corrosion and low toxicity.^[@ref1]−[@ref4]^ Second, the size of these particles (\<500 nm) allows them to be injected intravenously and passively accumulate in tumor tissue because of the enhanced permeability and retention (EPR) effect related to the leakiness of tumor vasculature.^[@ref5]^ When these particles absorb near-infrared (NIR) light, which is highly tissue-penetrating and safe to normal tissues,^[@ref6],[@ref7]^ the electron-photon interactions within the gold shell yield to heat dissipation, resulting in photothermal ablation of nearby cells.^[@ref1],[@ref7]−[@ref10]^

By combining a near-infrared absorbing nanoparticle with thermally responsive hydrogels, which display sharp property changes in response to temperature changes, external control over polymer properties can be achieved through exposure to NIR light. Many thermally responsive hydrogels display lower critical solution temperature (LCST) behavior. At lower temperatures the polymeric material is in a highly hydrated state, but when transitioning to temperatures above the LCST, water moves into bulk solution and the polymeric material collapses onto itself forming hydrophobic interactions.^[@ref11]−[@ref13]^ Therapeutic molecules may be absorbed into such a hydrogel and subsequently convectively released as water is expelled during the phase transition. Hydrogels with LCST behavior have been previously investigated in drug delivery applications.^[@ref14]−[@ref16]^ The aim of this work is to synthesize such a material as a conformal coating on a nanoparticle as an injectable drug carrier with release activated by exposure to NIR light.

The particles utilized in these studies consist of a gold--silica nanoshell core, a 150 nm NIR absorbing nanoparticle that has been widely investigated for photothermal ablation of cancer,^[@ref17]^ with a ∼90 nm poly\[*N*-isopropylacrylamide-*co*-acrylamide\] (NIPAAm-*co*-AAm) hydrogel coating. The NIPAAM-*co*-AAm formulation is designed to have an LCST from 39 to 45 °C, so as to be in a swollen state under physiological temperatures, and transition to a collapsed state upon heating induced by NIR irradiation.^[@ref16]^ The poly(NIPAAm-*co*-AAm) coating was synthesized using surface initiated-atom transfer radical polymerization (SI-ATRP), a technique that tightly limits free radical generation to only the site of an initiator molecule.^[@ref18]^

2. Experimental Section {#sec2}
=======================

2.1. Materials {#sec2.1}
--------------

All reagents were purchased from Sigma-Aldrich and used as received, unless otherwise noted. Prior to use, *N*-isopropylacrylamide (NIPAAm, 97%) was dissolved in tetrahydrofuran (THF) and recrystallized in *n*-hexane to remove the small molecule inhibitor *p*-methoxyphenol from the packaged NIPAAm. The recrystallization process was repeated at least 3 times and the final product was dried under vacuum and stored at −20 °C.

2.2. Fabrication of Hydrogel-Coated Particles {#sec2.2}
---------------------------------------------

Gold--silica nanoshells were synthesized using previously described methods.^[@ref19]^ A 50 mL solution containing 1.5 wt % sodium alginate and nanoshells at an O.D. of 2 (5.8 × 10^9^ nanoshells/ml) was prepared in H~2~O. This solution was then added dropwise to 100 mL of 1 wt % CaCl~2~ in H~2~O under rapid stirring. This resulted in the formation of many small Ca^2+^--alginate--nanoshell hydrogel "beads". The reaction mixture was stirred for 15 min, after which the Ca^2+^--alginate--nanoshell "beads" were collected by filtration and rinsed 3 times with H~2~O.

Next, the initiator bis\[2-(2′bromoisobutryloxy)ethyl\]disulfide (subsequently referred to as Br-initiator; ATRP solutions, Pittsburgh, PA) was immobilized onto the surface of the gold-silica nanoshells via gold--thiol interactions. First, a 50 mL solution containing 20 mM Br-initiator and 10 mM tris(2-carboxyethyl)phosphine (TCEP) (Thermo Fisher Scientific) in 1:1 EtOH:H~2~O was incubated at RT for 60 min. This step serves to reduce the disulfide bond in the Br-initiator, resulting in two molecules with terminal thiol groups that can then assemble onto the gold-silica nanoshells through gold--thiol interactions. For immobilization onto the gold--nanoshell surface, the Ca^2+^--alginate--nanoshell hydrogels were soaked in this Br-initiator/TCEP solution and rocked overnight at 4 °C. The next day, the gels were washed 3 times with EtOH followed by 3 times with H~2~O to remove any nonimmobilized molecules.

The Ca^2+^-alginate hydrogels containing the Br-initiator immobilized nanoshells were soaked in a 100 mL solution of 98:2 MeOH:H~2~O (v/v) in a three-neck round-bottom flask. Under rapid stirring, the flask was evacuated and Ar gas was bubbled through the solution for 30 min to remove dissolved O~2~. After 30 min, the following ATRP reaction components were added to the flask to the following concentrations: NIPAAm (23.75 mM), acrylamide (1.25 mM), methylene bis(acrylamide) (0.0333 mM), CuBr (0.2 mM), 2,2′-bipyridine (0.6 mM), and CuBr~2~ (0.02 mM). The flask was again evacuated and Ar was bubbled for an additional 30 min. The reaction mixture was then stirred at 1000 rpm for 18 h, after which the reaction was stopped by opening the flask to air.

The Ca^2+^--alginate hydrogels were collected by filtration, and then rinsed 5 times with MeOH followed by 5 rinses with H~2~O to remove any unreacted components. The Ca^2+^--alginate--nanoshell beads were then soaked in 50 mL of 100 mM EDTA in TRIS buffered saline (TBS). This solution was vortexed for 1 min and then rocked at RT for 30 min to allow for sufficient chelation of the Ca^2+^ ions and dissolution of the Ca^2+^--alginate hydrogels. The hydrogel-coated particles were then collected via 2 rounds of centrifugation (735*g*, 15 min) and the solution was passed through a 5 μm polycarbonate membrane filter.

2.3. Characterization of Hydrogel-Coated Nanoshells {#sec2.3}
---------------------------------------------------

Bare nanoshells, initiator-functionalized nanoshells, and hydrogel-coated nanoshells were characterized using UV--vis spectroscopy, DLS, zeta potential analysis, and TEM. Extinction spectra from 400 to 1000 nm were collected using a Cary 50 Varian spectrophotometer. DLS and zeta potential were measured using a Malvern Zetasizer Nano ZS. An FEI Tecnai G^2^ Twin was used for TEM imaging. For analysis of particle stability, bare nanoshells and hydrogel-coated nanoshells were each suspended in 100 mM NaCl, and a UV--vis spectrometer (Cary 50 Bio, Varian) was used to record the particle spectra every 60 min over 4 h. Stability was calculated for each time point by expressing the peak extinction at that time point as a percent of the peak extinction of that sample at *t* = 0 min.

2.4. Thermal Deswelling {#sec2.4}
-----------------------

DLS measurements were used to investigate changes in particle size in response to increased temperatures as well as NIR irradiation. Measurements were taken at increasing temperatures (25, 37, and 60 °C) as well as after particles were exposed to NIR irradiation (Coherent Diode, 808 nm, 4 W/cm^2^, 2 min). Temperatures were maintained for at least 15 min before a reading was taken. Z-average hydrodynamic diameters of all groups were compared using an ANOVA with Tukey's HSD (\**p* \< 0.05). Additionally, particles were exposed to cyclic NIR irradiation (Coherent Diode, 808 nm, 4 W/cm^2^, 3 min) followed by 10 min without irradiation for three cycles, with *Z*-average hydrodynamic diameters being reported.

2.5. Doxorubicin Loading and Release {#sec2.5}
------------------------------------

For loading, the hydrogel-coated nanoshells were first pelleted by centrifugation (735*g*, 15 min) and suspended in a 2 mg/mL solution of doxorubicin in TBS. This suspension was then rocked at 4 °C for 72 h to allow for sufficient loading of the doxorubicin into the particles. After 72 h, we purified doxorubicin-loaded hydrogel-coated nanoshells by 3 rounds of centrifugation (735*g*, 15 min). The amount of doxorubicin loaded into the particles was determined using UV--vis spectroscopy (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.5b00111/suppl_file/ab5b00111_si_001.pdf)).

For release studies, doxorubicin-loaded hydrogel-coated nanoshells were suspended in TBS at an optical density (OD) of 0.5 (1.2 × 10^9^ particles/mL). 500 μL aliquots of this suspension were either (1) exposed to an NIR laser (Coherent, 808 nm, 4 W/cm^2^) for 3 min, (2) left at room temperature for 3 min, or (3) left at room temperature for 72 h, with each condition tested in triplicate. After exposure, the suspension was filtered through a 0.22 μm poly(ether sulfone) membrane (Genesee Scientific) to separate the doxorubicin-loaded hydrogel-coated nanoshells from the free doxorubicin in the sample. Doxorubicin content of the samples was then determined by measuring absorbance at 485 nm. The amounts of doxorubicin delivered under the three conditions were analyzed by an ANOVA with a Tukey's HSD. A similar setup was used when analyzing doxorubicin release in response to cyclic NIR exposure, with a 1.2 mL suspension of particles in TBS being exposed to NIR irradiation in a cycle of 3 min on, 3 min off, and 3 min on. At each time point, 0.4 mL of the suspension was removed and assayed for delivered doxorubicin content.

2.6. Drug Delivery to Carcinoma Cells {#sec2.6}
-------------------------------------

Murine colon carcinoma cells (CT-26.WT cells, ATCC) were cultured in RPMI 1640 media (ATCC) supplemented with 2 mM [l]{.smallcaps}-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 4.5 g/L glucose, 1.5 g/L sodium bicarbonate, 100 U/L penicillin, 100 mg/mL streptomycin, and 10% FBS (Atlanta Biologicals). Cultures were maintained at 37 °C with 5% CO~2~. Cells were seeded at a density of 4000 cells/well in fibronectin-coated 96-well plates. Cells were allowed to adhere overnight before particle dosing, and each experimental group was assessed in triplicate.

Cells were exposed to five different conditions: (1) hydrogel-coated nanoshells loaded with doxorubicin, exposed to NIR irradiation, (2) hydrogel-coated nanoshells loaded with doxorubicin (no irradiation), (3) hydrogel-coated nanoshells (no doxorubicin) exposed to NIR irradiation (to evaluate photothermal effects), (4) 29 μg/mL free doxorubicin (∼50 nM, equivalent to the amount of doxorubicin loaded in the particles in groups 1 and 2), or (5) no treatment. Particles were added to the cells at an OD of 0.25 (6 × 10^7^ particles/well, or ∼15,000 particles/cell) and incubated for 30 min prior to irradiation. For all cases exposed to NIR irradiation, cells were irradiated at 808 nm at 4 W/cm^2^ for 3 min (beam size of 0.8 cm^2^, total energy delivered was 720 J/cm^2^). Cells were further incubated in the presence of the particles for an additional 24 h.

At 24 h post particle dosing, cellular uptake of doxorubicin was assayed by fluorescent microscopy (560 nm excitation, 645 nm emission) using an Axiovert 135 inverted fluorescent microscope (Zeiss). Doxorubicin fluorescent intensity was quantified using ImageJ (NIH) and analyzed using a Student's *t* test.

At 24 h post particle dosing, cell viability was assessed using an MTS assay. Media in each well was removed and fresh media with MTS reagent (CellTiter 96 AQueous One, Promega) was added (100 μL media/20 μL reagent per well). After a 60 min incubation at 37 °C and 5% CO~2~, absorbance readings of the media were taken at 490 nm. Absorbance readings were normalized to readings of the cell-only control (Group 5) and compared using an ANOVA with a Tukey's HSD.

3. Results {#sec3}
==========

3.1. Fabrication of Hydrogel-Coated Particles {#sec3.1}
---------------------------------------------

Figure [1](#fig1){ref-type="fig"}A outlines the current synthesis process. First, gold--silica nanoshells were encapsulated in a Ca^2+^--alginate matrix, which acted to prevent particle aggregation during the synthesis process. This matrix was designed to allow for very facile collection of the final particles since the alginate rapidly dissolves upon calcium chelation. Next, a thiol-containing initiator molecule was bound to the gold nanoshell surfaces. The poly(NIPAAm-*co*-AAm) hydrogel coating was then synthesized by adding the NIPAAm and AAm monomers, methylenebis(acrylamide) (MBAAm) as a cross-linker, and CuBr as an ATRP catalyst. After coating growth was complete, the Ca^2+^--alginate matrix was dissolved by the addition of the calcium chelating agent EDTA, and the coated nanoparticles were collected. Figure [1](#fig1){ref-type="fig"}B describes the loading and light-triggered release of drugs.

![Schematics of (A) particle synthesis and (B) drug release. (A) (1) Nanoshells are encapsulated in Ca^2+^-alginate hydrogel. (2) Ca^2+^-alginate-nanoshell composite hydrogels are soaked overnight in a solution of the disulfide-containing ATRP initiator molecule to allow for assembly onto the nanoshell surface via gold--thiol interactions. (3) Ca^2+^-alginate-initiator functionalized nanoshell composites are reacted in an ATRP solution with monomers, cross-linker, and catalyst molecules for 18 h. (4) Calcium chelating agent (EDTA) is added for dissolution of Ca^2+^-alginate hydrogels and poly(NIPAAm-*co*-AAm) -coated nanoshells are collected. (B) (1) Poly(NIPAAm-*co*-AAm)-coated nanoshells are soaked in a drug solution (e.g., doxorubicin, MW 580 Da) for 3 days. (3) Particles are purified from drug solution by centrifugation. (2) NIR laser applied to drug-loaded particles causing localized heating of the embedded gold nanoshell, which in turn causes collapse of the thermally responsive poly(NIPAAm-*co*-AAm) hydrogel coating and a burst release of the loaded drug molecules.](ab-2015-00111v_0002){#fig1}

3.2. Characterization of Hydrogel-Coated Particles {#sec3.2}
--------------------------------------------------

The extinction spectra of bare nanoshells, initiator-functionalized nanoshells, and hydrogel-coated nanoshells are shown in Figure [2](#fig2){ref-type="fig"}A. Bare nanoshells were found to have peak extinction at approximately 785 nm. This spectrum did not change significantly for the initiator-functionalized and hydrogel-coated nanoshells. Bare, initiator-functionalized, and hydrogel-coated nanoshells were analyzed using both DLS and zeta potential measurements (Figure [2](#fig2){ref-type="fig"}B,C). A slight increase in hydrodynamic diameter was observed between the bare and initiator-functionalized nanoshells (158.6 nm vs 187.8 nm), with a much larger size seen for the hydrogel-coated nanoshells (337.4 nm, Figure [1](#fig1){ref-type="fig"}B). An increase in surface charge was observed when functionalizing the nanoshells with the Br-initiator molecule (−48.5 mV for bare nanoshells vs −27.0 mV for initiator-functionalized nanoshells), but addition of the hydrogel coating shielded the initiator and returned the particles to a more negative state, as shown in Figure [2](#fig2){ref-type="fig"}C.

![Characterization of bare, initiator-functionalized, and NIPAAm-coated nanoshells. (A) Extinction spectra shows that bare nanoshells have a peak extinction in the NIR at 785 nm. The spectra did not change significantly for the initiator-functionalized and NIPAAm-coated nanoshells, with only a slight peak broadening toward the red. (B) DLS measurements shows the hydrodynamic diameter of the particles increased from ∼159 nm for bare nanoshells to ∼188 nm for initiator-functionalized nanoshells to ∼337 nm for NIPAAm-coated nanoshells. (C) Zeta potential measurements show a more positive charge for initiator-functionalized nanoshells than the bare or hydrogel-coated nanoshells. (D) Changes in peak extinction of bare and poly(NIPAAm-*co*-AAm)-coated nanoshells over a 4 h suspension in 100 mM NaCl. The poly(NIPAAm-*co*-AAm)-coated nanoshells remained stable over the 4 h period as determined by minimal changes in their extinction spectra, whereas bare nanoshells aggregated and crashed out of solution over time. (\**p* \< 0.01, ANOVA).](ab-2015-00111v_0003){#fig2}

In previous studies utilizing gold--silica nanoshells for photothermal therapies, the particle surface has been passivated by the attachment of PEG-thiol.^[@ref9]^ This coating serves several purposes, including preventing the nanoparticles from aggregating in the presence of physiological salt concentrations. Additionally, when these particles are injected in vivo this coating serves to minimize plasma protein adsorption and subsequent RES clearance. To analyze whether the poly(NIPAAm-*co*-AAm) hydrogel coating acts in a similar manner, we analyzed solution stability of bare nanoshells and hydrogel-coated particles exposed to 100 mM NaCl. Spectra of the hydrogel-coated particles did not change significantly over time, with absorption values (785 nm) maintaining over 95% of their original value over the 4 h time period. The bare nanoshells, however, very quickly aggregated in the high salt environment and began to fall out of solution (Figure [1](#fig1){ref-type="fig"}D).

Particle cytotoxicity was analyzed in cells exposed to hydrogel-coated nanoshells using an MTS assay, an established method for determining nanoparticle toxicity.^[@ref20]^ Cytotoxicity was analyzed against two different cell lines: mouse embroyonic fibroblasts (NIH 3T3s), a generic cell line commonly used in many cytotoxicity assays, and human hepatocarcinoma cells (HepG2s), as these cells have similar responses to hepatocytes and liver uptake of these particles is expected when used in vivo.^[@ref20]^ Hydrogel-coated nanoshells did not exhibit any material cytotoxicity against either the fibroblasts or hepatic cells (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.5b00111/suppl_file/ab5b00111_si_001.pdf)).

Figure [3](#fig3){ref-type="fig"} shows TEM images of bare nanoshells, initiator-functionalized nanoshells, and hydrogel-coated nanoshells. Both the bare and initiator-functionalized nanoshells look very similar, as the initiator molecule is too small to be visible. However, the hydrogel-coated particles display a thin polymer coating around the electron dense gold nanoshell. These images were taken under vacuum, and therefore the hydrogel layer was fully dehydrated, leading the hydrogel coating to appear much thinner than it did when assessed in a hydrated state via DLS analysis.

![TEM images of (A) bare, (B) initiator functionalized, and (C) hydrogel-coated nanoshells. Bare and initiator-functionalized nanoshells look similar as the initiator molecule is too small to be visible. Hydrogel-coated nanoshells display a thin polymer coating around the electron dense gold nanoshell. Scale bars = 20 nm.](ab-2015-00111v_0004){#fig3}

3.3. Thermal Deswelling {#sec3.3}
-----------------------

The influence of temperature on particle size was investigated using DLS (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.5b00111/suppl_file/ab5b00111_si_001.pdf)). Hydrogel-coated particle sizes ranged from ∼326 nm at 25 °C to ∼280 nm after incubation at 60 °C, indicating that the hydrogel coating on the nanoshells transitioned from a hydrated to a collapsed state at a temperature above the LCST (Figure [4](#fig4){ref-type="fig"}A). No significant size differences were seen between particles incubated at 25 or 37 °C, indicating the particles will be in their swollen state under physiological conditions. Hydrogel-coated particles exposed to NIR light were smaller (∼270 nm) than the particles at 25 or 37 °C, and similar to the particles at 60 °C, indicating these particles have undergone the phase transition, expelling water from the poly(NIPAAm-*co*-AAm) coating (Figure [4](#fig4){ref-type="fig"}A). Additionally, the particles can effectively cycle between their swollen and collapsed states when exposed to cyclic NIR exposure (3 min on, 10 min off) (Figure [4](#fig4){ref-type="fig"}B). Particle diameters decrease in response to the NIR irradiation, and increase back to their original size within 10 min of the NIR laser being turned off.

![Thermal deswelling characterization. (A) Hydrodynamic diameters of particles at 25, 37, and 60 °C, and after exposure to NIR irradiation. Particles at 25 and 37 °C are not significantly different in size, but are both significantly larger than particles exposed to NIR irradiation or at temperatures above the material LCST (60 °C) (\**p* \< 0.01, ANOVA). (B) Changes in particle diameter in response to cyclic NIR irradiation. Particles were exposed to NIR irradiation for 3 min followed by 10 min without NIR exposure for 3 cycles.](ab-2015-00111v_0005){#fig4}

3.4. Drug Loading and Release {#sec3.4}
-----------------------------

Doxorubicin was used as a model drug for these studies both due to its importance in cancer therapy and because its optical properties facilitate studies of drug loading, release and uptake in cells. Doxorubicin loading into the hydrogel-coated nanoshells was assessed using UV--vis spectroscopy (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.5b00111/suppl_file/ab5b00111_si_001.pdf)). Overall, 48.4 ± 0.3 μg of doxorubicin was loaded per 10^9^ particles, equating to approximately 5 × 10^7^ doxorubicin molecules per particle. On the basis of these loading levels, ∼3.12 × 10^9^ particles would be needed to achieve the maximum tolerated dose of free doxorubicin in mice (5 mg/kg).^[@ref21]^ This particle concentration is well below gold-silica nanoshell doses that have been previously used in mice (∼1 × 10^11^ particles/mouse),^[@ref9]^ indicating that relevant amounts of doxorubicin can be loaded into this platform.

Doxorubicin release from particles exposed to NIR light or simply left at room temperature is displayed in Figure [5](#fig5){ref-type="fig"}A. Particles exposed to NIR light for 3 min released 22.2 ± 1.4 μg doxorubicin/1 × 10^9^ particles. Minimal release was seen from particles that were not exposed to NIR light over the 3 min period, and only 6.6 ± 0.5 μg doxorubicin/1 × 10^9^ particles, or less than 15% of the payload, was released from the particles after 72 h at room temperature, as shown in Figure [5](#fig5){ref-type="fig"}A. Additionally, only 25% of the payload was released when incubated at 37 °C over 48 h, and the presence of serum did not affect this release, indicating minimal diffusional release over time periods longer than required for EPR-mediated tumor uptake of nanoparticles (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.5b00111/suppl_file/ab5b00111_si_001.pdf)).

In a separate study using doxorubicin-loaded particles, NIR light exposure was cycled on and off over a 9 min period (3 min on, 3 min off, 3 min on). A significant amount of drug was released when the laser was on and negligible release for the 3 min period without laser exposure (Figure [5](#fig5){ref-type="fig"}B), demonstrating the dependence of release kinetics on NIR exposure.

![Delivery of doxorubicin from hydrogel-coated nanoshells. (A) After only 3 min of NIR irradiation, approximately 46% of the loaded doxorubicin is released from the particles. Release due to diffusion at room temperature is minimal, with less than 15% of the payload released over 72 h. (B) Doxorubicin-loaded hydrogel-coated nanoshells exposed to cyclic NIR irradiation (3 min on, 3 min off, 3 min on) demonstrate that doxorubicin is primarily released only when the NIR laser is on, with negligible release seen when the NIR laser is off.](ab-2015-00111v_0006){#fig5}

3.5. Drug Delivery to Carcinoma Cells {#sec3.5}
-------------------------------------

Fluorescence microscopy was used to analyze the amount of doxorubicin uptake by cells exposed to irradiated and nonirradiated doxorubicin-loaded particles after a 24 h dosing period. Figure [6](#fig6){ref-type="fig"}A--C shows that cells exposed to doxorubicin-loaded particles and NIR light display nearly 2.5 times as much doxorubicin fluorescence per cell compared to cells exposed to nonirradiated particles, indicating that doxorubicin released from these irradiated particles efficiently enters the cells.

To evaluate efficacy of the delivered drug, we assessed cell viability 24 h after particle dosing for the five experimental conditions described above. Figure [6](#fig6){ref-type="fig"}D displays these results. Cells exposed to doxorubicin-loaded particles and NIR light showed almost a 90% decrease in cell viability compared to nontreated controls, whereas when these particles were not exposed to NIR light, but allowed to release doxorubicin via slow passive diffusion, only a 55% decrease in viability was observed. Additionally, cells exposed to hydrogel-coated particles without drug but with NIR light exposure did not show any changes in viability, indicating that the heating generated by these particles alone at this laser intensity and irradiation time was not sufficient to cause cell death. Only about a 20% decrease in cell viability was seen in the free drug control, as the concentration of doxorubicin (∼50 nM) is well below the reported IC50 values for CT.26WT cells (∼1 μM),^[@ref22]^ suggesting differences in drug uptake depending on the delivery method.

![Uptake of doxorubicin by CT.26WT cells. Phase contrast images overlaid with doxorubicin fluorescent signal for cells exposed to (A) irradiated doxorubicin-loaded hydrogel-coated nanoshells or (B) nonirradiated doxorubicin-loaded hydrogel-coated nanoshells. Scale bars = 100 μm. (C) Quantification of doxorubicin fluorescence intensity per cell. Cells exposed to the irradiated drug-loaded particles showed almost 2.5× more doxorubicin fluorescence than cells exposed to nonirradiated drug loaded particles (\**p* \< 0.001, Student's *t* test). (D) Changes in cell viability due to various treatment groups. Groups not connected by the same letter are statistically different from each other (\**p* \< 0.05, ANOVA). Cells exposed to drug-loaded particles triggered to release their doxorubicin payload by NIR irradiation showed increased loss in cell viability compared to cells exposed to drug-loaded particles not exposed to NIR irradiation.](ab-2015-00111v_0007){#fig6}

4. Discussion {#sec4}
=============

Successful drug delivery carriers in cancer should meet four basic requirements: (1) retain the drug during circulation, (2) evade the body's defenses, (3) access the tumor site, and (4) release the drug, specifically at the tumor site.^[@ref23]^ The particles developed in this study were designed to retain drug in the poly(NIPAAm-*co*-AAm)-hydrogel coating, access tumor tissue through the EPR effect (as they are synthesized as sub-500 nm particles), and release the drug payload upon NIR exposure. Furthermore, it is hypothesized that the poly(NIPAAm-*co*-AAm)-hydrogel coating will act to stabilize the particles and evade clearance from the bloodstream similarly to the poly(ethylene glycol) (PEG) brushes utilized on many nanoparticle platforms, although further investigation of this aspect is required. Additionally, incorporation of tumor-specific ligands onto particle surfaces is commonly used to improve accumulation of nanoparticles in tumor tissue.^[@ref24]^ The hydrogel coating used in these studies would allow for conjugation of such targeting moieties (proteins, peptides, etc.).

To fabricate hydrogel-coated nanoshells, we grew a thin poly(NIPAAm-*co*-AAm) hydrogel coating onto individual gold--silica nanoshells using SI-ATRP. Similar studies synthesizing hydrogel coatings via SI-ATRP have been reported;^[@ref25]−[@ref27]^ however, aggregation issues due to interparticle interactions during the growth of the hydrogel coatings and multiple processing steps often lead to low yields.^[@ref26],[@ref28]^ To remedy this, Chirra et al. proposed a novel solution in which gold nanoparticles are first stabilized in a flexible hydrogel matrix prior to initiator immobilization and hydrogel growth.^[@ref28]^ After synthesis of the hydrogel coating, the flexible matrix is then dissolved and individual particles may be collected.^[@ref28]^ This scheme served as an inspiration for the synthesis process used in this work, where we utilized Ca^2+^-alginate hydrogels, which are easily disrupted upon Ca^2+^ chelation, as a temporary matrix.

Analysis by DLS showed that particles increased in size from ∼160 nm to over 300 nm with the addition of this coating. Additionally, the hydrodynamic diameter of these particles decreases in response to elevated temperatures and NIR light. It is important to note that DLS measurements are dependent on many factors, including particle geometry and material refractive index, and therefore may not truly represent the particle's real "size", but should allow evaluation of trends between similar materials. A decrease in hydrodynamic diameter (∼60 nm) was observed in response to elevated temperatures or NIR light. This reflects extensive collapse of the hydrogel coating, as these modest changes in overall particle size are due to the fact the majority of the particle's volume is made up the incompressible and nonthermally responsive nanoshell.

The poly(NIPAAm-*co*-AAm) coating passivated the particle surface, preventing aggregation under salt conditions as effectively as PEG coatings traditionally used on gold nanoparticle platforms. Furthermore, these particles did not elicit any cytotoxicity against either fibroblasts or hepatic cells in vitro. The chemotherapeutic doxorubicin was loaded into the particles to a concentration of 5 × 10^7^ drug molecules/particle, and ∼46% of the payload was released after just 3 min of NIR exposure, whereas less than 15% was released via diffusion over 72 h. This indicates that it should be possible to inject particles and observe minimal drug release over the time required for particle accumulation in the tumor via the EPR effect (typically \<24 h), and then trigger rapid delivery of therapeutic doses at the tumor site by exposure to NIR light.

Further analysis showed that this platform can effectively deliver doxorubicin to colon carcinoma cells in vitro. Cells exposed to particles and NIR light displayed nearly 2.5 times as much doxorubicin uptake as cells exposed to particles without light, as assessed by fluorescence microscopy. This in turn also resulted in a higher loss in cell viability for cells exposed to drug-loaded particles and NIR light. Drug uptake in cells may also be enhanced by particle heating. Previous studies utilizing gold nanoshells have shown that nanoshell exposure to NIR causes transient increases in membrane permeability of cancer cells.^[@ref10],[@ref29]^ As NIR irradiation of this platform causes a release of high concentrations of drug molecules and potentially induces an increase in membrane permeability at the same time, there may be an increased ability for drug molecules to enter the cell, causing increased uptake compared to nonirradiated particles or free drug controls. Current and future efforts are focusing on investigating the in vivo efficacy of these doxorubicin-loaded particles.

5. Conclusions {#sec5}
==============

The ability to precisely control therapeutic delivery to malignant tissue would undoubtedly improve cancer management by overcoming the limitations of current therapies. The hydrogel-coated particles developed in this work can be loaded with cancer therapeutics such as doxorubicin, and release of the drug is tightly controlled to occur upon exposure to NIR light. Furthermore, delivery from this platform results in increased drug uptake compared to free drug, likely due to platform irradiation causing a transient increase in cell membrane permeability. In fact, under the laser conditions used in these studies, heating alone did not result in any cell death but appeared to increase delivery of the drug into the cells. Ultimately, such a platform could be used to attack tumor tissue using two distinct mechanisms simultaneously: (1) photothermal therapy and (2) delivery of drugs, providing a novel approach to effectively treat cancers when standard treatment modalities are not adequate.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsbiomaterials.5b00111](http://pubs.acs.org/doi/abs/10.1021/acsbiomaterials.5b00111).Further discussion of batch-to-batch variability, material cytotoxicity, and doxorubicin loading and release ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.5b00111/suppl_file/ab5b00111_si_001.pdf))
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